The coherence and phase evolution of electrons in a mesoscopic system in the Kondo correlated regime were studied. The Kondo effect, in turn, is one of the most fundamental many-body effects where a localized spin interacts with conduction electrons in a conductor. Results were obtained by embedding a quantum dot (QD) in a double path electronic interferometer and measuring interference of electron waves. The Phase was found to evolve in a range twice as large as the theoretically predicted one. Moreover, the phase proved to be highly sensitive to the onset of Kondo correlation, thus serving as a new fingerprint of the Kondo effect.
of the electronic charge e, an additional, classical, charging energy U C = e 2 /2C, is needed in order to add a single electron into the dot. Effectively, the peak spacing is U C + ∆, where typically U C ≫ ∆. At low temperature T (k B T ≪ U C , with k B the Boltzmann constant), when the Fermi surface in the leads lays in the gap between levels, there is a well-defined number of electrons in the QD and current does not flow. This is the well-known Coulomb
Blockade phenomenon, where periodic conductance peaks as a function of plunger voltage are separated by almost zero conductance valleys.
While Coulomb Blockade in QDs is a manifestation of the quantization of the electronic charge, the net spin of a QD is also quantized (in units h/2, with h the Plank constant).
Generally, each energy state is spin degenerate, namely, it can host two electrons: one with spin up and one with spin down. Hence, the QD is spin polarized (with nonzero net spin)
when it contains an odd number of electrons, thus acting as a 'magnetic impurity'. Furthermore, when the QD is strongly coupled to the leads and the temperature is sufficiently low, a spin singlet can form between the spin polarized dot and opposite spin electrons in the leads. This, so-called, Kondo correlation leads to an enhancement of the conductance of the valley between the spin degenerate peaks. The enhancement can be explained via an intuitive semi-classical approach. While the Coulomb Blockade is a first-order quantum mechanical effect the Kondo effect is a second-order effect, involving two electrons simultaneously. Having the top-most spin-degenerate energy level singly occupied with a spin up electron, this electron can tunnel out to the right lead while another electron, with spin down, simultaneously tunnels in from the left lead. This keeps the number of electrons in the dot constant but leads to a net spin flip in the dot. This process is followed by the return to the dot of the spin up electron in the right lead accompanied by a simultaneous jump of the spin down electron in to the right lead. The final result is a double-spin-flip of the dot and net transfer of a spin down electron from the left lead to the right one -leading to net current transfer [12] [13] . In an alternative view, for a dot well coupled to the leads, the spin up electron's wavefunction leaks from the dot to the leads, keeping away the spin up electrons in the leads due to the Pauli exclusion principle. The spin down electrons, on the other hand, can get very close to the polarized dot. This can be modeled as an effective attractive potential for the spin down electrons near the dot, leading to the formation of a lower energy spin singlet (Fig. 1A) . Due to this attractive potential, which turns out to be most effective for electrons at the Fermi energy, the impinging rate of spin down electrons on the dot increases, leading effectively to an increased current. The effective transport density of states develops a sharp peak at the Fermi energy (Fig. 1A) , with a width reflecting the binding energy of the singlet. This small binding energy is customarily described by a Kondo temperature,T K (some 1 K in our QDs). Hence, the Kondo enhanced valley conductance can be easily quenched by increasing the temperature, applying a finite DC bias across the QD, or reducing the coupling strength between the QD and the leads.
Ubiquitous conductance measurements in QDs have already demonstrated the Kondo effect [6] ; however, they left the issue of coherence and phase evolution in such system open. To address this issue, we adopted our previously developed double-path electron interferometer with an embedded QD in one of its paths [11] tuned to the Kondo regime (Fig. 1B) . In such system, smaller in overall dimensions than the phase breaking length, the current collected in the drain depends both on the magnitude, t QD , and phase, φ QD , of the transmission coefficient of the QD. Since the four base regions collect most of the back-scattered electrons, the net transmission of electrons going from source (S) to drain (D), t SD , is a coherent sum of the transmissions via the two direct paths (dashed lines in Fig. 1B 
The collected current in the drain, assuming a coherent system, is in turn A Kondo-enhanced valley, confined between a pair of conductance peaks, is usually identified by its higher conductance and its quench either by an increased temperature,
or by an applied finite DC bias across the QD, or by reducing the coupling to the leads [6] . Such an identification of the 'Kondo pair' was performed by measuring the conductance of the QD after pinching off the reference arm with the barrier gate. Four conductance peaks as a function of plunger gate (P) voltage are seen in Figs. 1C and 1D. At the lowest temperature and zero DC bias, the two center conductance peaks border a relatively high valley. These peaks are more closely spaced and have peak heights near the quantum conductance, e 2 /h. As the temperature was increased (90 . . . 300 mK, Fig. 1C ) or the DC biased was raised (0 . . . ± 50 mV, Fig. 1D ), the central valley conductance decreased, the peak heights decreased, and the peak spacing increased -all characteristic of a Kondo correlated pair [6] . The conductance of the two outer valleys and peaks remained almost unchanged -characteristic of Coulomb Blockaded transport [5] .
Having identified the Kondo pair, we removed the barrier gate voltage and formed the source and drain point contacts, thus allowing two paths interference. The drain current, as a function of the plunger gate voltage, is shown in Fig. 2A . It resembles the conductance of the bare QD (seen in Fig. 1C ) between non-spin-degenerate levels ( the outer valleys near V P = −280 mV, −210 mV), the phase in the spin-degenerate levels evolves continuously and monotonously, with no sign of phase lapse. The phase climbs through the spin up peak and saturates at π in the valley, thereafter it continues and climbs by anohter 0.5π through the spin down peak. In other samples, not shown here, we find the climb through the spin down peak to be also close to π. We believe that the total phase change across a Kondo pair varies from one sample to another because of peaks overlapping depending on their width and spacing.
Hence, ideally, the phase seems to evolve by π into the Kondo valley and by 2π across the two spin degenerate levels. This is in contradiction with the prediction of Gerland et al. [9] , who predicted a π/2 and π phase change, respectively. It is worth noting that in our device, Since the Coulomb Blockade regime can be easily approached by reducing the coupling strength between the QD and the leads, such a procedure was followed with results shown in Fig. 3 . As the coupling strength becomes gradually weaker (from Fig. 3A to Fig. 3D ), the phase evolves from a continuous increase across the two spin-degenerate levels to a sudden appearance of a small phase lapse in the valley (even though the Kondo correlation was still apparent in that condition), increasing eventually to a full −π phase lapse -distinctive at Coulomb Blockade transport. As suggested before, the narrowing of the peaks, leading to reduced overlapping between them, indeed allowed a greater span of phase change, namely, a full accumulation of π across each peak.
Similarly, increasing the temperature to an order of T K or applying a bias across the QD to an order of k ( B)T K destroys Kondo correlation (Fig. 1) . Note, however, that as the temperature increases, the visibility tends to decrease because of the shorter dephasing length and phase smearing of the electrons in the interferometer. While the visibility follows the behavior of the conductance shown in Fig. 1C , the phase evolution, changes once again from that of a smooth and monotonic increase at low temperatures to that with a small phase lapse in the valley as temperature increases. Phase lapse reaches a full −π drop at temperature of about 1 K (Fig. 4B) . Similarly, the application of a small DC bias across the QD leads to a similar change in the phase evolution, moving from a smooth increase to a phase lapse (Fig. 4D) . In both cases Kondo correlation ceases to exist at
The results presented here demonstrate a clear fingerprint of Kondo correlation in a QD with spin degenerate levels. As the correlation is being gradually suppressed, a gradual transition to the familiar behavior of the phase in the Coulomb Blockade regime emerges.
The total phase change as the two spin-degenerate levels cross the Fermi energy in the leads is nearly 2π with a phase shift π in the conduction valley. This does not agree with the prediction by Gerland et al. [9] of π and π/2, respectively. Moreover, the phase evolution approaches to be highly sensitive to the onset of Kondo correlation. While the conductance is only a quantitative mark of the effect and has to be verified by changing temperature, voltage or coupling strength, the phase evolution has a distinctive behavior, which abruptly changes as one weakens the Kondo correlation while moving into the Coulomb Blockade regime. Phase lapse is formed as the coupling between the quantum dot and the leads is gradually reduced. When the coupling to the leads is strong (A), the phase evolution is continuous and the total phase change through the spin-degenerate pair is about 1.5πp. As the coupling gets weaker (from (A) to (D)), and the QD enters the Coulomb Blockade regime, the familiar phase lapse [11] is recovered and a full phase evolution of π across each peak emerges. The peak position is shifting due to the influence of voltage applied to the gates that formed the two point contacts of the QD. Figure 4 
